The surface segregation of Pt atoms in liquid bimetallic alloys confined in carbon nanotube cavities was studied using molecular dynamics simulations. Considerable enrichment in the Pt-atom surface density was found to occur in Pt alloys, when the complementary metal has surface energy higher than Pt and simultaneously metal-wall interaction strength lower than that of Pt with the confining wall. The results suggest that solidification of liquid binary alloys in nanochannels could produce core-shell nanorods with the shell enriched in one of the components for catalytic and other applications. © 2010 American Institute of Physics. ͓doi:10.1063/1.3500825͔
The influence of nanoscale confinement on the thermodynamic behavior and physical properties of materials has attracted widespread interest in the last two decades. 1 Constraints in the packing of atoms or molecules confined in one dimension could influence the freezing of liquids and lead to the formation of new solid phases. 2 Carbon nanotubes ͑CNTs͒, with their hollow inner cavity, offer an ideal nanochannel for performing such studies. 2, 3 Indeed, both helical strand and cylindrical shell structures-not present in bulk phases-have been demonstrated for single-element materials confined in CNTs. [4] [5] [6] Pure metals, in particular, were predicted to form cylindrically layered structures. 7, 8 Although they have received markedly less attention, metallic alloys should also form cylindrical shell structures when solidified in CNTs. However, differences in the interaction energy between the alloy components and the graphitic walls may allow one element to accumulate near the wall while the other is displaced toward the tube center. This surface segregation process may lead to the spontaneous formation of core-shell nanostructures from impure mixtures, with possibly unexpected electrical, magnetic, or catalytic properties.
Here we report on the propensity of the Pt atoms to segregate near confining walls in Pt-based metallic alloys. We simulate the solidification of binary liquid mixtures inside CNTs using molecular dynamics. We seek mixtures of low initial Pt concentration for which the surface density of the segregated Pt atoms is maximized. Our model structure consists of a binary alloy column confined in a ͑20,20͒ single-walled CNT, which is composed of 7680 carbon atoms ͑diameter= 2.7 nm, length= 23.4 nm͒. We consider various Pt-based alloys and focus on the effect of the initial concentration, metal-wall interaction, and surface energy on the quality of the final core-shell structure. The alloy column ͑initially ϳ18-nm-long͒ is taken from the equilibrium configuration for bulk alloy of the same composition. The alloy column has two free ends and contains ϳ4000 atoms with Pt concentration ranging from 5 to 95 at. %. The entire system is confined within a rectangular simulation box of 8 ϫ 23.4 ϫ 8 nm 3 , long enough in the x and z directions to avoid self-imaging interactions. Periodic boundary conditions are used in all directions, resulting in an alloy nanorod of finite length confined in an infinitely long CNT with the tube axis extending along the y direction.
Among the potentials 9-11 used in the literature to simulate fcc metals such as Al, Ni, and Pt, we chose the quantum Sutton-Chen ͑QSC͒ potential. 11 The QSC includes quantum corrections and takes into account the zero point energy, allowing for better prediction of temperature-dependent properties and, in particular, of the phase transformation of fcc alloys. [12] [13] [14] The relatively weak carbon-metal interaction is modeled by pairwise Lennard-Jones ͑LJ͒ potentials, with energy and distance parameters obtained from the geometric and arithmetic mean, respectively, of the corresponding LJ parameters for graphite 15 and the considered metal. 16 Metalmetal interactions and van der Waals forces were both truncated at 10 Å. A static CNT cavity with fixed C-atom positions was used to reduce the computational load. The LAMMPS ͑Ref. 17͒ package was used with a time step of 1 fs throughout. Initially, the system was equilibrated in an ensemble with a fixed number of atoms N and volume V. A Nosé-Hoover temperature thermostat of T = 2900 K was applied for 10 ns with a relaxation time of 0.1 ps to ensure full mixing in the molten column. The system was further relaxed for 2 ns with NVE ensemble ͑constant volume, no thermostat͒. Subsequently, the system was cooled down in steps of 100 K at a rate of 25 K/ns, with an additional relaxation of 4 ns at each step. 18 The liquid alloy solidified between 1800-1000 K, depending on the initial Pt composition. All structures were cooled down to 500 K, where they were analyzed.
Snapshots of crystallized Pt-Ni alloy nanorods are shown in Fig. 1 for four alloy compositions. A core-shell structure forms spontaneously in all cases, with a Ni-rich core and a Pt-rich shell. The surface pattern varies considerably as the Pt content increases. The segregation of Pt atoms to the surface is apparent even at low Pt concentrations ͑Յ15 at. %͒, though in this case the majority of surface atoms are Ni ͓Fig. wall becomes more pronounced. For example, the nanorod formed from the initial 40 at. % Pt liquid alloy has an outermost layer that consists of 84 at. % Pt ͓Fig. 1͑c͔͒.
While atom ordering near the walls is responsible for the formation of the core-shell structure, surface segregation allows control of the composition of the shell at the monolayer level. This spontaneous process could offer a tractable way to synthesize core-shell nanorods from impure alloys with the surface layer enriched in a particular metal. Such structures could be useful in catalysis offering better utilization of the catalytic element. Notably, the cylindrical organization of the atoms on a surface of large curvature could lead to modified catalytic properties. While segregation occurs spontaneously, the proposed method requires that a liquid alloy be introduced into nanochannels, a difficulty that may be overcome by wetting or electrowetting from the melt, or by using nanoparticles with subsequent melting. Once the structure is solidified, the template would be removed chemically. CNTs may be removed by exposure to atomic oxygen. 19 The radial density profiles, shown in Fig. 2 , provide further insight into the core-shell structures formed. For comparison, the atom density of pure Pt in a ͑20,20͒ CNT is also shown ͓Fig. 2͑d͔͒. Average densities are calculated for 8-nmlong cylindrical segments from the middle of the nanorod. As expected, a cylindrically layered structure is found, similar to that observed in pure metal nanowires. 5, 8 Both Pt and Ni peaks have almost the same position due to the similarity of their corresponding QSC potentials. 20 For all compositions shown, a Pt-rich layer is formed on the nanorod outer surface. At higher Pt concentrations, more Pt atoms segregate thus enriching not only the outermost layer but also adjacent layers ͓see Figs. 2͑b͒-2͑d͔͒ . For the alloy with 75 at. % Pt, the nanorod surface consists of almost pure Pt.
Surface segregation depends not only on the alloy composition, confinement size, and metal-wall interaction strength, but also on surface energy, mixing energy, and mixing entropy of the alloy components. The influence of these parameters on segregation was assessed by considering mixtures of Pt with Ir, Ni, and Al, which have surface energies higher than, comparable to, and lower than Pt, respectively, as predicted by the Sutton-Chen model. 20 Results for these alloys are shown in Fig. 3 in terms of the normalized 21 Pt surface atom density on a solidified alloy nanorod. It is clearly seen that the maximum Pt segregation occurs for the Pt-Ni alloy. To explain this result, let us denote the secondary element by X. Pt segregation out of the Pt-X alloy depends not only on the relative value of the component surface energy ͑denoted as ␥ Pt and ␥ X ͒ but also on the relative metal-C interaction strength ͑ C-Pt and C-X ͒. Generally, the larger the surface energy of X, the easier it is for Pt to be segregated out. On the other hand, the larger the X-C interaction strength, the more difficult it is for Pt to displace X atoms from the surface. Since the metal-C interaction strength is usually proportional to the surface energy of the metal, a compromise between the surface energy of X and X-C interaction strength appears necessary to optimize Pt segregation. As mentioned before, ␥ Al Ͻ ␥ Pt Ͻ ␥ Ni Ͻ ␥ Ir but C-Al Ͻ C-Ni Ͻ C-Pt Ͻ C-Ir Of the three alloys, the Pt-Ni exhibits the best performance because it has both larger ␥ X and lower C-X than the corresponding parameters for Pt. Note that Al, with the smallest surface energy and metal-C interaction strength, produces the opposite behavior in the Pt-Al alloy. Increased confinement was also considered for the Pt-Ir and Pt-Ni alloys by simulating solidification in a ͑10,10͒ CNT. Both alloys show ͑Fig. 3͒ a dramatic reduction in Pt atom segregation as compared to the ͑20,20͒ CNT, as a consequence of the more severe confinement.
Other candidates 22 were also considered as alloy components for enhanced Pt segregation. The results for a fixed Pt alloy composition of 40 at. % in a ͑20,20͒ CNT are compared as bar charts in Fig. 4 , where the metal surface energy and metal-C interaction strength are also shown. Again, the Pt-Ni alloy offers the highest surface density of segregated Pt. Note that Ni is the only metal, which satisfies simultaneously the following two conditions:␥ X Ͼ ␥ Pt and C-X Ͻ C-Pt . Being naturally abundant and cheap, Ni should make an ideal alloy component to Pt for segregation experiments, if a method for introducing and solidifying Pt-Ni alloys in CNTs could be realized.
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